We investigate AC Stark-shifted resonances in argon with ultrashort near-infrared pulses. Using 30 fs pulses we observe periodic enhancements of the excitation yield in the intensity regions corresponding to the absorption of 13 and 14 photons. Remarkably, for 30 fs pulses these structures survive focal-volume averaging and can be clearly seen in the measured intensity dependent excitation yields. By reducing the pulse duration to 6 fs with only a few optical cycles, we demonstrate that these enhancements become ambiguous due to the large bandwidth of the pulse. Comparing these to numerical predictions, which are in quantitative agreement with experimental results, we show that the enhancements are due to AC Stark-shift induced resonances efficiently populating the 5g and 6h states, thereby demonstrating that precise control of the intensity provides a means to quantum engineer the atomic state.
We investigate AC Stark-shifted resonances in argon with ultrashort near-infrared pulses. Using 30 fs pulses we observe periodic enhancements of the excitation yield in the intensity regions corresponding to the absorption of 13 and 14 photons. Remarkably, for 30 fs pulses these structures survive focal-volume averaging and can be clearly seen in the measured intensity dependent excitation yields. By reducing the pulse duration to 6 fs with only a few optical cycles, we demonstrate that these enhancements become ambiguous due to the large bandwidth of the pulse. Comparing these to numerical predictions, which are in quantitative agreement with experimental results, we show that the enhancements are due to AC Stark-shift induced resonances efficiently populating the 5g and 6h states, thereby demonstrating that precise control of the intensity provides a means to quantum engineer the atomic state.
Strong-field excitation occurs when the interaction of an atom with an intense laser field results in excitation into higher energy states. In noble gases, a significant portion of these states decay into long-lived metastable states [1, 2] . These states have unique properties that enable diverse applications, such as atom lithography [3] , radiometric dating by way of atom-trap trace analysis [4, 5] , and precision measurements in beta decay [6, 7] . In recent years, there has been a demand for higher efficiency and cleaner sources of metastable atoms, encouraging all-optical methods of generation to be pursued. Examples include two-photon absorption [8] or methods employing UV lamps [9] . Strong-field excitation is also a promising technique. However, efficient excitation schemes need to be developed to compete with current metastable-generation methods.
In strong laser fields, excitation rates exhibit a complex dependence on the laser intensity, showing distinct enhancements at specific intensities dependent on the target atom [10] [11] [12] . The intense electric field of the laser modifies the energy levels of the atom due to the AC (or dynamic) Stark shift [13] , resulting in resonances and thresholds at which excitation yields may increase [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . For example, the modification of narrow features in the photoelectron spectra or unexpected changes in the ionization yield at select intensities have been observed and explained through Freeman resonances [24, 25] , "channel closing" [17, 18] and "population trapping" [26] [27] [28] .
For fields where the laser frequency, ω, is lower than the frequency of the transition between the ground state and the first excited state, the shift in the ground state can be neglected [13] while the continuum threshold increases with the intensity-dependent ponderomotive energy of the electron, U p = I/4ω 2 (atomic units are used throughout). This ponderomotive energy can exceed the energy of a single photon, thus increasing the number of photons required for photoionization from N to N + 1. At this point, the N -photon ionization channel is said to close, thereby providing the condition for an N -photon channel closing as N ω = I p + U p , where I p is the ionization potential. The AC Stark effect also shifts the energy levels of the excited states. For states with a binding energy much less than the ground-state, this shift closely follows the continuum threshold. Therefore, as the N -photon ionization channel closes, high-lying Rydberg states are expected to come into resonance. As the intensity increases further, lower-lying states will subsequently shift into resonance. If these states defy ionization from the remaining cycles of the laser pulse, for example through stabilization [29] [30] [31] , their population may accumulate through population trapping.
In experiments investigating above-threshold ionization, these resonance features in argon photoelectron spectra were found to strongly depend on the laser intensity [32] . Soon after this observation, several theoretical papers were published [20] [21] [22] 33] detailing that the strong intensity dependence is due to low-lying excited states shifting into resonance with N -photon absorption. Hart et al [34] extended this technique to sodium atoms demonstrating enhanced ionization at a specific intensity that corresponds to a Freeman resonance for 3-photon absorption into the Stark-shifted 5p state. These studies, however, did not include the impact on total exci- tation rates, which is central to the aims of the present investigation. A more recent experiment demonstrated the resultant impacts by directly observing the excitation yields of argon using 45 fs pulses centered at 400 nm [12] . An increase of more than an order of magnitude was observed at the 6-photon channel closing. The same experiment with 800 nm pulses, however, could not resolve any enhancements, even though calculations predict them to persist.
In this Letter, we present experiments probing strongfield excitation of argon with 30 fs and 6 fs FWHM pulses centered at 800 nm with intensities between the multiphoton and tunneling regimes, remaining belowthe-barrier throughout. In particular, we focus on the intensities where enhancements are predicted to be most pronounced based on time-dependent Schrödinger equation (TDSE) calculations. By directly detecting excited states we observe these enhancements experimentally and demonstrate that they are no longer visible for few-cycle pulses. The intensities at which these enhancements occur, as well as an analysis of the nl quantum-state distributions predicted by the TDSE, show that the enhancements are due to population trapping rather than the closing of an ionization channel.
In the experiment, we directly detect surviving excited Ar atoms after interacting with ultrashort pulses centered at 800 nm with intensities between 70-250 TW/cm 2 . The apparatus is depicted in Fig. 1 . We use a commercially available (Femto Power) laser system to generate 30 fs pulses. Optionally, these pulses can be further compressed using a hollow core fiber to generate 6 fs pulses. The pulses are then focused and crossed with a 500 µmwide thermal argon atomic beam. A time-of-flight apparatus collinear with the atomic beam and a micro-channel plate (MCP) detector are used to discriminate different particles. Ions are accelerated by the electric fields and detected within a few tens of microseconds while excited neutral atoms, Ar * , remain at thermal speeds and arrive in a 0.15-0.6 ms window. These excited states may decay to the long-lived metastable states (3p 5 4s) 3 P 2,0 during the flight and are directly detected after Penning ionization on the MCP surface due to their high internal energy (>11 eV) [35] .
For the numerical simulations, we solve the TDSE in the single-active-electron approximation (SAE) with the model potential given in Ref. [36] . The radial space is discretized in a generalized pseudo-spectral grid [37] and the time-dependent wave function is propagated by the second-order split-operator method [38] . We separate the finite box into an inner and outer region to avoid unphysical reflection from the boundary. When the timedependent wave function propagates into the outer region, we project the wave function onto momentum space to extract the ionization information and then remove it from the wave function in real space as discussed in [39] . The final ionization probabilities are obtained by integrating the electron momentum distribution over the entire momentum space. After the pulse, we project the inner-region wave function on the field-free atomic excited states to get the nl quantum state population up to n = 22, l = 21. Summing over all these populations, we obtain the total excitation probability, P (Ar * ).
The results from the procedure outlined above was compared to independent calculations [40, 41] using the same and other similar SAE potentials, such as those suggested in [42] or generated ab initio from structure codes like [43] . The predictions from the various calculations agree to within 5% at lower intensities and 15% at higher intensities when the same potential is used. As expected, the deviations are somewhat larger for different potentials, but qualitatively the agreement remains satisfactory.
To compare directly with experiment, we volume average (VA) the theoretical probabilities to account for the intensity distribution around the laser focus as in Ref [12] . Since the carrier envelope phase (CEP) of the 6 fs pulse is not stabilized in the experiments, the calculations were averaged over four CEP values from 0 to π in steps of π 4 . The experimental yields of Ar + (squares) and Ar * (circles) as a function of intensity for 30 fs (a) and 6 fs (b) pulses are shown in Fig. 2 . The experimental intensity for the 6 fs data was calibrated by fitting the ion yield to a phenomenological model [44] while the yields of excited atoms were fitted to the VA-TDSE results (solid lines in Fig. 2 ) for the 30 fs data. As expected, the observed ionization yields exhibit a smooth increase with increasing intensity. However, with 30 fs pulses, some features are clearly visible in the metastable yield that are washed out for 6 fs pulses. We observe good agreement between the experimental data and the VA-TDSE calculations. In particular, the features in the Ar * yields between the 13-and 15-photon channel closings are well reproduced. This level of agreement motivates us to determine the nature of the enhancements by further analyzing the numerical predictions. The results of the TDSE calculations without VA are shown in Fig. 3 . The numbers displayed above the upper x axis correspond to the number of absorbed photons required for excitation into that channel. Successive channel closings occur at ∼ 26 TW/cm 2 intervals for 800 nm photons and are marked with vertical dashed lines. Enhancements are clearly visible with a periodicity equal to the photon energy separation. For 30 fs pulses, they are more pronounced at lower intensities, reaching more than order of magnitude in the 13-and 14-photon absorption channels. These enhancements are significant and observed under our experimental conditions. For 6 fs pulses, the enhancements are less pronounced and are not resolvable experimentally. For both pulse durations, the l distribution clearly alternates between even and odd parity at the closure of successive ionization channels, providing evidence that an additional photon has been absorbed.
For both pulse durations, the enhancements occur at higher intensities than the predicted channel closings (at ∼ 10 TW/cm 2 and ∼ 20 TW/cm 2 for 30 fs and 6 fs pulses, respectively), indicating that channel closings are not the origin of these features.
In order to confirm this interpretation, we first validate that channel closings occur at the predicted intensities by analyzing the relative populations of the quantum angular momentum, l, for each intensity. This is done by summing the nl populations over all n then scaling to the total probability for excitation at that intensity (from Fig. 3 ). The distribution in l exhibits parity, preferentially exciting even or odd states due to the dipole selection rules [45] . In argon, which has a 3p (l = 1) outermost electron in the ground state, the absorption of an even (odd) number of photons will preferentially populate odd (even) l's. This is clearly observed in the l distributions shown in Fig. 4 for both pulse durations, particularly at lower intensities. The change in parity at successive channel-closing intensities is consistent with the condition that one more photon is absorbed, thus confirming the calculated channel closing locations. Additionally, for 30 fs pulses, we observe that the population distribution is localized with excitation into l = 5 dominating (c.f., the bar graph in Fig. 4 ). For 6 fs pulses the most populated l states remain at l = 5 but now the distribution is broadened by excitation into lower l states. This observation suggests that for longer pulses excitation occurs into a select state or a band of states with the same l, which can be determined by considering the distribution in principal quantum number, n.
The relative n populations are obtained in a similar procedure as the relative l populations, except by summing over l rather than n; see Fig. 5 . In addi-tion, we correlate these observations with those in Fig. 4 for a complete description of the excited-state distribution. See also the supplementary material for complete nl distributions. For 30 fs pulses (c.f. Fig. 5(a) ), a broad range of high-lying excited states (n ≥ 12) are populated around the channel-closing intensity (±4 TW/cm 2 ) as the AC Stark effect shifts the Rydberg quasicontinuum into resonance. This pattern is similar for 6 fs pulses (c.f. Fig. 5(b) ), except that high-lying Rydberg states are not populated as efficiently because the pulse duration is now short compared to the Keppler orbit periods of these states [15] . As the intensity increases further, the distribution narrows until a strong resonance with either the 5g (for both pulse durations) or 6h (for 30 fs) state is reached.
The pattern seen in this resonance is quite different for the two pulse durations. Firstly, for 30 fs pulses, the strongest resonance is reached ∼ 10 TW/cm 2 higher than the predicted channel closing, whereas it is reached ∼ 20 TW/cm 2 higher for 6 fs pulses. These intensities coincide with the enhancements observed in the measurements ( Fig. 2 ) and theoretical yields ( Fig. 3) , hence unambiguously confirming that population trapping of the 5g and 6h states is the cause of the enhancements in the excitation yields. This result is in agreement with the calculations reported in [20, 33] . Secondly, the resonances are less dominant and occur over a wider range of intensities for 6 fs pulses compared to 30 fs pulses due to the larger bandwidth enabling resonances over a wider range of photon energies. For example, with 30 fs pulses at 162 TW/cm 2 , the 6h state accounts for almost 60% of total excitation but then drops close to zero only 4 TW/cm 2 higher. In comparison, for 6 fs pulses, strong resonance with the 5g state occurs in a 14 TW/cm 2 intensity range accounting for over 30% of relative population, peaking at 146 TW/cm 2 with 35% relative population. This reduced dominance, as well as the larger intensity range where resonance is reached, accounts for the reduced magnitude of the enhancements and explains why they are not observed in the experimental excitation yields. Furthermore, this illustrates that the resonant 5g and 6h states can be more selectively targeted using a longer pulse duration.
To summarize: We experimentally observed enhancements in excitation rates of Ar for 30 fs pulses centered at 800 nm, which were not present for few-cycle pulses of 6 fs duration. TDSE calculations support the existence of these enhancements even after focal-volume averaging. Due to the sensitivity of these enhancements to intensity changes, they serve as convenient markers for accurate calibration of the experimental intensity. Analysis of the TDSE predictions shows that the enhancements are due to resonant population trapping in the 5g and 6h states rather than the closing of an ionization channel. These resonances are particularly strong for select intensities when using 30 fs pulses but spread over a larger inten-sity range for 6 fs pulses due to the large bandwidth of the pulse. Selective excitation of the 5g and 6h states by longer laser pulses might be exploited as a means to increase metastable yields by directly driving them towards the metastable state. 
